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TECHNICAL NOTE D-228

FIXED-BASE SIMULATION STUDY OF A PILOT'S ABILITY
TO CONTROL A WINGED-SATELLITE VEHICLE DURING
HIGH-DRAG VARIABIE-LIFT ENTRIES

By John M. Eggleston, Sheldon Baron,
and Donald C. Cheatham

SUMMARY

A winged-satellite vehicle which enters the atmosphere at high
(approaching 90°) angles of attack was simulated in five degrees of
freedom by using a fixed-base simulator. The task of controlling the
vehicle and the vehicle's trajectory during the entry was performed by
a human pilot.

The tests showed that a pilot can successfully control the trajec-
tory of the vehicle in several ways. A desired value of deceleration
or rate of descent may be established and maintained. For entry angles
up to -50, the deceleration could be held between 3g and 4g. At entry
angles of -6°, the pilot was able to limit the maximum deceleration
between Tg and 8g.

Systematic changes in the damping and static stability of the
vehicle were made to determine the sensitivity of these variables.
Inadvertent coupling of the pitch- and roll-control motions by the pilot
was noted when using a grip-type side-arm controller. Replacing this
controller with a finger-tip side-arm controller eliminated the inad-
vertent coupling and made it possible for the pilot to fly simulated
entries with zero damping of the vehicle's angular motions.

Lack of static stability in yaw for this vehicle was found to be
objectionable. Adverse aerodynamic-control moment coupling was simu-
lated. Such control coupling was considered undesirable but pilots could
adapt themselves to control the vehicle even with extremely large amounts
of coupling provided the vehicle was well damped.

INTRODUCTION

Several types of vehicles which are intended to return from orbiting
flight about the earth have been proposed. OSome of these vehicles glide



back to earth at small flight-path angles and thereby present a problem
of heat protection for long periods of time but do not experience high
decelerations. Other vehicles enter the atmosphere at a high drag con-
dition which minimizes the heat-transfer problem but exposes the pilot
to moderately high decelerations for a period of several minutes. With
all of these vehicles there exists the problem of determining the sta-
bility, control, and the general handling characteristics necessary for
piloted entries into the earth's atmosphere. The capabilities and limi-
tations of human pilots to fly prescribed trajectories and to control
the angular motions of these vehicles even at conditions of low stability
are of particular interest. Since orbiting and atmospheric entries
represent a rather large step from the flight conditions of current air-
craft, a large part of the research must be done by realistic simulation
of the pilot's tasks and flight conditions and, where possible, also the
proper flight enviromment (that is, deceleration, heating, and mental
state of the pilot).

This paper covers the initial phase of a program to determine the
pilot's ability to control the simulated trajectories and angular motions
of satellite vehicles during high-drag variable-1lift entries into the
earth's atmosphere. The tests reported herein were mdde on a fixed-base
(static) simulator in conjunction with an electroniec analog computer
located at the Langley Research Center. The vehicle simulated is repre-
sentative of the high-drag variable-1ift class of satellites which enter
the atmcsphere at small entry angles (1° to 6°) and require relatively
short periods of time (4 to 8 minutes) to accomplish the entry. The
details of the concept of this type of vehicle are reported in reference 1.
Such vehicles have adequate capability of trajectory control (ref. 2) and
a large range of static stability about the trim point (ref. 3). This
preliminary study was made to determine regions of interest in the sta-
bility and control characteristics of such vehicles and to determine the
pilots' abilities to control their trajectories with this class of
vehicle. Some of the considerations shown by this investigation to be
important in a simulation of satellite vehicles such as instrument
display, pilot's controls, and analog-computer validation are documented.

SYMBOLS
ap component of acceleration measured along negative Z body axis

of vehicle

component of acceleration measured along positive X body axis
of vehicle

b reference span
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¢ reference chord
Ce chordwise force coefficient, positive along negative X body
axis

Cy rolling-moment coefficient measured about X body axis, MX/QSb
Cry pitching-moment coefficient measured about Y body axis, MY/QSE
Cn yawing-moment coefficlent measured about Z body axis, MZ/QSb
Cn normal~-force coefficient positive along negative Z body axis
g gravitational constant, 32.2 ft/sec2

gr' circular satellite velocity at radial distance r', treated as

a constant of 25,863 ft/sec
h altitude

Ix,Iy;Iy moments of inertia about principal body axes
Kl’KE’K5"'K6 constants

My,My,M; rolling, pitching, and yawing moments measured about X-, Y-,
and Z-axes, respectively

M!' Mach number

L/D ratio of 1ift force to drag force

D,Qq,r angular velocities about X-, Y-, and Z-axes, respectively
) dynamic pressure

r' radial distence from center of earth

P, undamped natural period, sec

T time constant

S wing area

t time



=

a=V/fer"

\ velocity

W weight of vehicle

X,Y,2 | three principal body axes (see fig. 2)

a angle of attack

ag desired angle of attack

ay trim angle of attack

B angle of sideslip

4 flight-path angle

Yo entry or initial flight-path angle

B angle between velocity vector and reference horizon

61,82,53 roll-, pitch-, and yaw-control deflection, respectively

€ angle-of -attack error, a - ag

¢] angle between reference and local horizon, ¥ - 8
8 pitch angle (see fig. 2)

p atmospheric density

¢ roll angle

¥ yaw angle

4 damping ratio, percent of critical damping

Cz¢,Cma, and so forth partial derivative of coefficient with respect

oc
to lower subscript; for example, Cl¢ = gal
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Subscripts:
o initial condition
max maximum

Dot over a quantity denotes differentiation with respect to time.
DESCRIPTION OF SIMULATION

General

The static simulation of a satellite vehicle during an atmospheric
entry was performed on the fixed-base cockpit mockup shown in figure 1.
The vehicle simulated for these tests was a winged-satellite vehicle
which entered the atmosphere at its zero-lift (a = 90°) condition. The
concept of such a vehicle is described in reference 1. By varying the
angle of attack and hence the lift, the pilot was able to control his
trajectory. The details of this trajectory-control concept are given
in reference 2. The trajectory (force) equations and the moment equations
of the vehicle were simulated by using analog computer equipment located
at the Langley Research Center. The cockpit simulator was located in
the room with the computer equipment and commected directly to this
equipment through electrical cables. The moments of inertia, weight,
and dimensions for the winged vehicle (based on the concept of ref. 1)
are given in table I.

Trajectory and Moment Equations

The winged-satellite vehicle was simulated with five degrees of
freedom: longitudinal motions along and normal to the flight path and
angular motions about the three principal axes of inertia of the vehicle.
The lateral (side force) trajectory equation was not included since two
of the effects, namely, lateral deviation of the trajectory and lateral
accelerations on the pilot, were not important in the static simulator
program. They would, of course, be important in navigation or centri-
fuge simulation. The third effect, namely, static stability in roll,
is included in the simulation by including a term CIBB = Cl¢¢ sin a in

the rolling-moment equation. The five equations of motion deseribing
the five degrees of freedom together with some auxiliary equations are
given in appendix A and the sign convention is shown in figure 2, Deri-
vation of the two force equations in terms of accelerations may be found



in reference 2. Curvature of the earth is taken into account but varia-
ations in gravity and the radial distance from the vehicle to the center
of the earth (r') are neglected in calculating the centrifugal accelera-
tion and the acceleration of gravity. Since the vehicle simulated pre-
sents essentially a flat surface at a large angle (60° to 110°) to the
flight path, it was assumed that the resultant aerodynamic force acted
normal to the surface at all times. Hence, there is no chordwise (along
the X-axis) aerodynamic force (ax « Cg = 0).

Euler Angle Relations
The conventional aireraft Euler angles are obtained by integrating:

$
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p+ (r cos § + q sin ¢)tan 6

D
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qcos §-r sin @

(r cos § + q sin @)sec 6

<
I

It can be seen that these equations become indeterminate when 6 = 90°.
This difficulty can be overcome either by redefining the reference axes
and, consequently, the angle 6 so that |9| < 90° during the tests or
by redefining the order in which Euler rotations are taken. In this
paper, the latter method is chosen.

The conventional Euler displacements are obtained by successively
yawing, pitching, and rolling the vehicle about its successive Z-, Y-,
and X-axes. In order that the new Euler relations be independent of 6,
it is required that the order of rotation be first about the Y-axis
through the angle 6. The next rotation is about the new X-axis through
the angle ¢. The final rotation is about the Z-axis through the angle V.
With this order of rotation the relationship between angular velocities in
body-fixed axes and earth-fixed axes becomes

S
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P cos V¥ - q sin ¥
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Since the pilot's task for these tests was to hold roll and yaw
displacements near zero, the small-angle assumption was applied to
these equations and the angular displacements (for use on the pilot's
display and the calculation of « and B) ¢, 6, and V¥ were actually
obtained by integrating

¢ =D - Q¥
& =g+ p¥
¥ =1+ qf

Vehicle Parameters

Static stability.- Based on the data of reference 3, the static
stability of the vehicle in pitch and roll was established. The simu-
lation covered the 2.0 S M' < 26 range, and throughout this range the
static stability coefficients, C and Cl¢: were assumed to be con-

Mo
stant with Mach number; hence, the moments due to roll and angle of
attack were varied only with the dynamic pressure. The vehicle had
no inherent static stability in yaw at angles of attack near 90° and
therefore C was considered to be zero.

nw

Control effectiveness.- Based on the known static stability of the
vehicle, the aerodynamic control effectiveness in pitch and roll was
chosen so as to give the pilot steady-state values of

op

+300

for &) = tglma and
X

&

= £30°

for 62 t62max

Since the winged vehicle has no inherent static stability in yaw at
angles of attack near 900, this criterion was not applicable for deter-
mining the aerodynamic yaw control power. Because of the high angle of



attack, it was assumed that any aerodynamic control about the yaw axis
would be only about one-fourth as effective as the pitch and roll control

surfaces and, subject to pilot acceptance, this magnitude was incorporated.

The numerical values for the "standard" aerodynamic-control derivatives
are given in table I. The magnitude of the moment due to aerodynamic-
control deflection was also assumed to vary with dynamic pressure only.

The vehicle was considered to be equipped with both aerodynamic and
proportional reacticon controls such that, when the pilot moved his control
stick or pedals, the aerodynamic surface and the reaction control valve
operated simultaneously to produce a moment in the desired direction.

Both types of controls operated throughout the entire trajectory through
the pilot's controller. The reaction controls produced the same moment at
all flight conditions while the aercdynamic control moments were propor-
tional to the dynamic pressure.

The effectiveness of these Jjet reaction controls was at first based
on a proposed criterion that at a condition of zero dynamic pressure the
initial instantaneous angular acceleration about each axis due to a maxi-
mum control step displacement should be

p(t > 0) = 15° per sec® (Sl(t > 0) = 6lma
a(t > 0) = 5° per sec? (62(1: > 0) = 52max)
#(t > 0) = 5° per sec? (65(t > 0) = ajmax)

However, when the control characteristics were tested, the pilots com-
mented that the reaction controls were much too sensitive at zero
dynamic pressure and recommended a reduction of 75 percent in roll and
66 percent in pitch and yaw. These changes were incorporated before
making the tests reported herein. The reaction-control coefficients
as used in these tests are given in table I. The initial angular
accelerations due to full control displacement are then

at e} lmax

p(t > 0) 2

il

3.73° per sec

at o 2max

2

a(t > 0) = 1.67° per sec

@ O ot



et B3nmax
#(t > 0) = 1.67° per sec?
Dynamic stability.- Damping was provided about all three axes. No

distinction is made between how much of this damping 1s inherent and how
much is provided by stability augmentation. However, it was assumed that

C = K,C

A Y
C = K-C
Cnr = K5Cn85

where K;, Kp, and K5 are constants determined from desired damping

characteristics. Thus, the damping increases with dynamic pressure in
the same way as control effectiveness. A schematic drawing of one
channel of this simple pilot-damper-control relationship is shown in
figure 3.

Prior to the tests the constants K;, Kp, and Kz were adjusted

to give damping characteristics which the pilots considered acceptable
for the task of flying entry trajectories. The variation of the damping
ratio with dynamic pressure is shown in figures 4(a) and 4(b) for
equivalent second-order systems in pitch and roll. The time constant
for the equivalent first-order system in yawing velocity is shown in
figure 4(c). (The equivalent second- and first-order systems are
obtained by neglecting the aerodynamic and inertia coupling in each of
the moment equations.) This acceptable level of stability is denoted on
the figure as "standard" and reductions in the damping, made by succes-
sive reductions in the K wvalues, are denoted as one-half, one-fourth,
and one-eighth standard. The deceleration, related to the dynamic pres-
sure through the relation
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is also shown along the abscissa of figure 4 for the condition where
W/CNS = 11.7 pounds per square foot.

At zero dynamic pressure, the static stability of the vehicle is
zero about all three axes. The equivalent first-order time constants
associated with rolling and pitching velocity at zero dynamic pressure
are then 45 seconds and 75 seconds, respectively, for the values given

in table I for Clp and Cmq'

Aerodynamic-control coupling.- The effects of cross coupling due to
aerodynamic control displacements were investigated. It is possible that
the vehicle considered might have such coupling and some other proposed
vehicles (for example, that of ref. 4) do exhibit rather strong cross
coupling due to roll and yaw control displacements. For simplicity, such
effects were included in an approximate (linear) way. In order to
investigate such effects, it was assumed that a displacement of the
aerodynamic roll control (Slaero) produced, in addition to a positive

rolling moment, an equal but negative yawing moment and half as much
negative pitching moment:

0161 = -Cn61 = -2Cm61

The aerodynamic pitch control was assumed to produce only pitching moment:

g, = Cng, = O

A positive displacement of the aerodynamic yaw control was assumed to
produce a positive yawing moment, an equal but negative rolling moment,
and half as much negative pitching moment:

C -2C

Ups T “log ~ Ty

Actually, both favorable (such as positive yawing moment accompanied by
positive rolling moment) and adverse (such as positive yawing moment
accompanied by negative rolling moment) cross-control coupling were tried
but, as the names suggest, the adverse coupling produced the more diffi-
cult control preoblem. Thus, for the tests reported herein, whenever
cross aerodynamic control moments were produced, these moments were
always adverse.

OO
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Description of Cockpit

General.- The layout of the simulated cockpit is shown in the
photograph presented as figure 5(a). The photograph was taken from a
position just behind the position where the pilot's head would be and
shows the instrument display, the rudder pedals, and the side-arm con-
troller located on the right. The pilot sits in the simulated cockpit
in a normal upright position.

Instrument display.- The instrument display was intended to provide
the pilot with information regarding the attitude and motion of the
vehicle. The instrument panel includes both active instruments and
dummy instruments. The active ones are grouped in the center portion
of the panel in a modified T-arrangement and may be seen in better detail
in figure 5(b). - The dummy instruments were included merely to add some
realism to the appearance of the panel. The active instruments are
identified in figure 5(b) and include an attitude group consisting of a
pitch- and roll-attitude indicator (generally referred to as an "eight-
ball"), and meter-type instruments for yaw angle, sideslip angle, angle
of attack, and angle-of-attack error. The trajectory variable instru-
ments form a bar over the basic T formed by the attitude group and are
made up of meter-type instruments indicating (from left to right):
normal acceleration (ap), rate of descent, altitude, and velocity. his
instrument arrangcment was determined from pilots' opinions in preliminary
tests. In general, the arrangement was felt to be as satisfactory as
could be obtained with conventional-type instruments. Some improvement
could perhaps be obtained through the use of integrated-type displays such
as those discussed in reference 5.

The angle-of-attack error indicator, located to the right of the
attitude "eight-ball," requires some explanation. In reference 2 an
automatic control was described which programed the angle of attack along
the trajectory as a function of deceleration and rate of change of decel-
eration, namely,

ag = 90° - Kyan - Ksdp

The purpose of varying the angle of attack in this manner was to estab-
lish and maintain a predesired value of deceleration throughout most of
the entry as long as the entry angle was between 0° and -3°. With K) =&

and K5 = 250 the data of reference 2 showed that the deceleration could

be controlled to the vicinity of 3g. For the present tests, an indicator
which showed the difference between the actual angle of attack of the
vehicle and the angle of attack computed from the above relationship was
displayed to the pilot. Thus, this indicator shows the angle-of-attack
error,
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€ = Ggetual ~ %desired

By utilizing this instrument and by keeping the error small, the pilot
should be able to control the vehicle so that maximum decelerations
between 3g and 4g would be obtained.

The attitude group of instruments were all mechanized to be "fly to"
instruments, that is, if the yaw-angle indicator went to the right, a
left rudder deflection was required for correction or if the angle-of-
attack needle went up, a nose-down control motion was required for cor-
rection. This consistency was a good feature and the pilots were of the
opinion that the same philosophy should also apply to the motion instru-
ments which the pilot could control indirectly by appropriate change in
attitude. For example, since decreasing angle of attack resulted in
decreased deceleration, the deceleration instrument could have been more
easily interpreted with regard to the control correction required had the
indicator moved up for increasing g rather than down.

Cockpit controls.- The pilot's controls consisted of a set of con-
ventional rudder pedals for yaw control and a side-located controller
for pitch and roll control. Most of the tests were performed with a
grip-type two axes side-located controller located at the end of the
pilot's right arm rest. The controller can be seen in the bottom right
of figure 5(a) and is shown in a side view in figure 5(c). This side-
arm controller was designed to be mechanically linked to a hydraulic
control system. Aileron deflection is obtained by rotating the hand
grip laterally about a pivot axis which is located 2.85 inches below the
hand grip. Elevator control is actuated by motions of the hand about a
pivot axis which passes through the wrist. The controller was limited
to t20° lateral (aileron control) movement and about t30° longitudinal
(elevator control) movement. Control feel forces were provided by
linear centering springs about both motion axes. There was no spring
detent for positive centering; however, the friction forces were
negligible. A pitch trim was installed on the top of the stick grip
but was not wired for use during the tests.

In the latter stages of the reported tests the side-located con-
troller just described was replaced with a small "finger-tip" control
stick also located at the end of the pilot's arm rest. This controller,
which can be seen in figure 5(d), consisted of a small shaft with a knob
on the top. The knob was 3 inches above the roll-pitch pivot point and
1.5 inches above the tcp of the box. Designed for electronic control
systems, the stick was spring loaded (approximately 2.5 pounds for full
deflection) and had no intentional friction. The design was similar to
the side-located controller reported in reference 6 which has been flight
tested over a period of several years.

oW O ™
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The rudder pedals which can be seen in figures 5(a) and 5(d) were
provided for conventional control about the yaw axis and could be moved
13 inches. Spring centering was used to provide light rudder control
forces. ’

PROCEDURE

For most of the simulated entries, four basic tasks were given the
pilots. These tasks were:

(1) Make step changes in angle of attack when the deceleration
reaches a specified value.

(2) Hold constant or establish and maintain a specified rate of
descent.

(5) Establish and maintain a specified value of deceleration.

(4) By using the angle-of-attack error indicator, vary the angle
of attack as required to maintain a zero error in this indicator.

After the capability of a pilot to perform these tasks with accept-
able vehicle dynamics and control effectiveness was established, one of
the vehicle characteristics was varied during successive entries with
the pilot given one of the four basic tasks. Varied in this manner were
static and dynamic stability, reaction-control effectiveness, and
aerodynamic-control moment coupling. Most of the entries were made with
initial flight-path angles of -1° to -3° but one group of tests was made
by arbitrarily setting the initial flight-path angle between -3° and -6°.
Although this procedure was followed by several pilots in different
orders of sequence, the results to be presented are those of only one
pilot. The results are considered to be representative of an experienced
pilot proficient in the operations of the simulator and in the proposed
operations of the simulated vehicle.

RESULTS AND DISCUSSION

General

In all the trajectories to be discussed, several of the initial
conditions were the same. The trajectories always were started at an
altitude of 350,000 feet and at circular satellite velocity for which a
value of 25,863 feet per second was used. The velocity is plotted in the
nondimensional form @ = V/25,865 so that U starts at 1.0 and approaches
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0.0k at the end of the entry. Entry angles covered a range from -1° to
-6°. It may be helpful in studying the trajectories to note that, for
the given initial value of velocity, the initial rate of descent is
approximately equal to (450 feet per second) times (the entry angle in
degrees). Thus a -3° entry angle represents an initial rate of descent
of 1,350 feet per second.

Point Mass Trajectories

In reference 2 some trajectories were presented for a point mass
(no moments about the center of gravity) having the same W/CNS as the

vehicle considered here. The trajectories of reference 2 were calculated
by using a digital computer whereas, for the tests of this paper, an
analog computer operating in real time was employed. Since the trajec-
tories of interest require up to 10 minutes, some validation of the
trajectories obtained by the analog computer appeared to be justified.

At the same time, the characteristics of these trajectories can be
illustrated. 1In order to compare trajectories calculated by the two
methods, a number of trajectories calculated on the digital computer were
also cobtained with the analog computer for the case where the vehicle

was treated as a point mass. Two of these trajectories are shown in
figure 6. 1In figure 6(a), the angle of attack was fixed at 90° which

is the condition of zero 1ift and maximum drag. The entry angle 7,

was -1° and deceleration reached a maximum of Teg at just under 300 sec-
onds. In figure 6(b), the angle of attack was held constant at 79°
which represents an L/D of about 0.2. The entry angle was -3° and
the deceleration reached 4.5g at 110 seconds.

In general, the agreement between the analog computed and digital
computed trajectories of reference 2 was found to be good. (In order to
achieve consistent trajectories, it was necessary to use as an initial
condition hy rather than 7y, since small errors in 7, led to

appreciable differences in the deceleration time history. See appendix B.)

One difference in the calculations is noteworthy. In reference 2, an
exponential fit to the ARDC atmosphere (ref. 7) was used whereas, for the
trajectories reported here, density as a function of altitude was obtained
directly from the ARDC model atmosphere. The primary difference in the
trajectories appears to be a 12.5-percent reduction in the maximum value
of deceleration when the ARDC model atmosphere is used. It can be shown
(for example, ref. 2) that the maximum deceleration is directly dependent
on the instantaneous density gradient rather than on the average; thus
some differences in the calculated decelerations should be expected.
Although the exact nature of the altitude-density variation in the upper
atmosphere 1s still speculative, either model atmosphere should provide
representative results. Therefore, except to note this difference, no
further discussion appears to be Jjustified here. Some discussion of the

®O @
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more important problems experienced in the analog simulation of trajec-
tory equations over extreme ranges of altitude and velocity is given in
appendix B.

Piloted Entries With Standard Vehicle Dynamics

With the vehicle dynamics included and the stability derivatives
set at their "standard" value (see table I), the pilot was given several
tasks to perform during simulated entries. The trajectory and angular
motions of the vehicle resulting from the performance of three of these
tasks are shown in figure 7. During the simulated entry of figure 7(a),
the pilot was instructed to first pulse his roll (3y) and pitch (dp)

control and then to make a step reduction in angle of attack from 90°

to 80° when the deceleration reached 2g. Although the angle-of-attack
scale on the figure is so small as to make the change almost imperceptible,
the step change was made and the deceleration reached a maximum of 3.5g.

Two factors that were found to be important during this investigation
are illustrated in figure T(a). The lack of static stability in yaw of
this vehicle is apparent in the time histories of yaw angle ¥ and of
the displacement of pilot's yaw control 5%z. Given any perturbation, yaw

would drift off until corrected by the pilot. The second factor was the
cross-controlling characteristics of the pilot's side controller.¥ At
about 205 seconds the pilot intentionally pulsed the pitch control. In
doing so, the records show he inadvertently produced a roll signal (of
the opposite sign) at the same time. At 220 seconds the pilot intention-
ally pulsed the roll control without disturbing the vehicle in pitch.
Although the cross-control characteristic noted during the first pulse
was not important at this condition of damping, its presence is note-
worthy and its effect will be discussed later.

A second task performed by the pilot is illustrated by the time
history of figure 7(b). For this entry the pilot was instructed to hold
the vehicle's rate of descent constant as long as it was aerodynamically
possible. The entry angle was -2°. This type of entry was investigated
theoretically in reference 2 and the angle-of-attack requirements for
constant-rate-of-descent trajectory for several entry angles are given
in that reference. It can be seen that very little control is required
for this task, but the normal deceleration reached 7g.

As discussed in the section on instruments, one of the display
instruments consisted of a zero reader which showed any error between
the angle of attack of the vehicle and an angle of attack calculated as

*There was no vehicle aerodynamic control moment coupling during the
entries discussed here.
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a function of deceleration. The calculated angle of attack was designed
to produce a deceleration of about 3g. Figure 7(c) shows a time history
of a piloted entry where the pilot was instructed to vary his angle of
attack so as to maintain a zero error on this meter. The entry angle
was -3°., The time history shows that the pilot kept the error € small
and that the deceleration stayed between 3.5g and 2.5g throughout most
of the entry.

Coupling between the roll and pitch control deflections can again
be observed at 190 seconds in figure 7(c). Note that the scale of the
pitch control is one-half that of the roll control in this time history.
This control deflection produced a 3° change in roll angle and a 2°
change in pitch angle.

Variations in Damping

For a specified task and identical initial conditions, piloted
entries were made with various levels of vehicle damping. From the level
of damping referred to as "standard" in figure 4, the damping was reduced
during consecutive entries in steps of one-half, one fourth, one-eighth,
and zero. Damping was reduced about all three axes by simultaneous
reductions in Czp, Cmq, and Cnr' Both aerodynamic and reaction control

damping were affected by this reduction. Results are shown in figure 8
for five simulated entries made from a -1° entry angle. For all of these
entries the pilot's task was to control angle of attack as indicated by
any error on the zero reader.

In figure 8(a) the damping has been reduced to one-half the value
illustrated in figure 7. About 75 seconds after the start of the entry,
the pilot deliberately pulsed the pitch control and the time history
shows the ensuing pitch-roll oscillation. Although it required some
obvious effort on the part of the pilot, the magnitude of the oscillation
was attenuated. At the time of the pulse the dynamic pressure was about
2 pounds per square foot. A roll-control pulse was applied at about
210 seconds (g = 16 pounds per square foot) and the roll oscillation
damped to a small amplitude after several cycles.

In figure 8(b), the damping was 1/L4 standard and the entry was made
with only small oscillations in pitch and roll. The smoothness of these
records, however, is deceptive. The pilot did not put in any intentional
control disturbances since the corrections applied at the first of the
entry indicated marginal stability. The neutral static stability in yaw
is apparent although the vehicle exhibits a relatively low yaw drift rate.

The damping about all three axes was 1/8 standard in figure 8(c).
During the first 245 seconds a residual oscillation in pitch and roll is
present and the change in pericd with the change in dynamic pressure is

@ O
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clearly evident. At about 245 seconds, the roll oscillation abruptly
diverged. At this time the deceleration was 2.75g, the dynamic pressure
was 32.2 pounds per square foot, and the period in pitch was 3.6 seconds,
and the period in roll, 1.8 seconds. Entries at this condition of damping
were attempted a number of times by several pilots and, in all cases, an
abrupt roll or pitch-roll divergence occurred between 150 and 300 seconds.
Another example of this is seen in figure 8(d) where the damping about

all axes was zero.

A typical sequence of events leading up to this abrupt divergence
can be seen most clearly in figure 8(c). Throughout most of the entry
the pilot was attempting to damp out the roll oscillation, as seen in the
record of ®j. At about 245 seconds the pilot changed his technique and
attempted toc damp out the pitch oscillation. An abrupt forward (negative)
motion of the stick produced a simultaneous stick deflection to the right
(positive) and, when the stick was reversed, the pitch-roll stick deflec-
tions remained 180° out of phase. The pitch oscillation was held in check
by the pilot but the vehicle immediately diverged in roll. In some cases
when this coupling occurred, the pilots attempted to damp the rolling
motion and both the pitch and roll oscillations diverged. Whatever tech-
nique was used, however, a divergence always occurred sometime during the
first 300 seconds of the entry.

In order to ascertain how much effect the reaction control damping
had on the pilots' ability to control the vehicle,* an entry was made
with zero reaction-control damping and l/h-standard aerodynamic-control
damping. With the exception of reaction-control damping, all conditions
were the same as the entry of figure 8(b). The result is shown in fig-
ure 8(e). It can be seen that the pilot was able to control the vehicle
throughout the entry. The fluctuations in the zeroc reader error € at
the very end of this figure should be discounted. At conditions where 7
approaches -90° and V approaches 0, the calculated angle of attack became
very sensitive to noise and produced unreasonable fluctuation of the indi-
cator. The pilots were instructed to ignore these fluctuations at the end
of all runs in which this indicator was used.

Reaction-Control Effectiveness

During the initial phase of the entry, a transition in control effec-
tiveness occurs as the principal source of control power shifts from the
reaction controls to the aerodynamic controls. With the aerodynamic-
control effectiveness fixed by the trim requirements (see section on
control effectiveness), several levels of reaction-control effectiveness
were investigated during simulated entries and the results are shown in
figure 9. With an entry angle of -2° (a rate of descent of about 900 feet
per second) the pilot was instructed to reduce his rate of descent to

*The aerodynamic-control power is equal to the reaction-control power
in roll when q = 1/5 pound per square foot, in pitch when g = 0.6 pound
per square foot, in yaw when gq = 2.63 pounds per square foot.
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450 feet per second and maintain that rate of descent as long as
possible. The damping about all axes was "standard." (Since the
reaction-control damping was assumed to be proportional to the reaction-
control effectiveness, the stability augmentation gain was increased to
compensate for each decrease in control effectiveness.) In figure 9(a),
a complete time history is shown for a case where the reaction-control
effectiveness was reduced to 1/2 standard (as given in table I). In
figures 9(b) and 9(c), only the initial phase of two entries is shown
where the reaction-control effectivenesses were, respectively, l/h and
1/8 standard. In figures 9(b) and 9(c) some rolling and pitching oscil-
lations occurred during the transition which the pilot believed were
caused by the change in response of the vehicle to his control dis-
placements. Even for the simplified case considered where the control
system had a perfect response, the lower values of reaction-control
effectiveness were found to be barely adequate but not desirable.

Aercdynamic-Control Moment Coupling

A condition where the aerodynamic roll and yaw controls produced
moments about all three principal axes was investigated. The magnitudes
of aerodynamic controcl coupling used are described in the section
"Vehicle Parameters" and hereinafter are referred to as standard control
coupling. With standard damping, standard reaction control moments and
standard aerodynamic control moments* with coupling, several simulated
entries were made with a -3° entry angle. The pilot's task was to main-
tain a zero error on the angle-of-attack error indicator described pre-
viously. Two such entries are shown in figures 10(a) and 10(b). 1In
both of these time histories a characteristic of coupled roll and yaw
control moments can be seen., When the aerodynamic yaw control was
applied to give a positive yawing moment this control deflection also
caused a negative rolling moment. In order to compensate for this, the
pilot applied a positive roll-control deflection but this deflection
then caused, in addition to the positive rolling moment, an additional
negative yawing moment. More positive yaw control was applied and the
process continued with the pilot holding increasing amounts of positive
roll- and positive yaw-control deflections. The process generally led
to partial or total loss of control unless the pilot realized what was
happening and compensated for it. An example of this condition can be

*One exception to the otherwise standard control effectiveness
occurred at this point in the test program. Subsequent to the tests it
was discovered that the computer gains for all the aerodynamic-control
moments feeding into the pitech equation were inadvertently doubled
during an overnight interruption. As a consequence, the pitch, roll,
and yaw controls produced twice as much pitching moment as the standard
coefficients would predict. This was the case for the runs shown in
figures 10, 11, and 12.

o O o
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seen at the start of the entry of figure 10(a) where the process con-
tinued up to about 70 seconds. The pilot stated he was unaware that he
was holding a right roll deflection and that, as the dynamic pressure
increased, he was forced to hold more and more right rudder deflection.
(‘'he aerodynamic roll control was about three times more powerful than
the yaw control. See table I.) At about 65 seconds the pilot deliber-
ately applied a nose-down step change in the pitch control. Because of
the inertia coupling, this change produced a large negative yawing moment
which the pilot unsuccessfully attempted to stop with a small rudder
deflection. Full right rudder was applied and at 7O seconds a rather
violent oscillation was started which the pilot was finally able to
control.

The roll control was pulsed at about 285 seconds and the pilot made
the proper yaw correction and no difficulty was experienced. (Note, how-
ever, the accompanying deflection of the pitch (8p) control.) At

360 seconds the pilot was told he was holding a right roll deflection
(51) and was told to release it. The reduction in corrective yaw control

(65) is very apparent.

Figure 10(b) shows the time history of an entry made at conditions
identical to those of figure 10(a) except that no unnecessary control
metions were applied. The trajectory and angular motions of the vehicle
were smooth but the pilot continued to hold right-roll and right-yaw
centrol deflections throughout the entry. Changes in pitch were made
slower than usual and, as a consequence, the angle-of-attack error
exceeded 10° on two occasions. FEven with this error the maximum decelera-
ticn was only 3g.

The damping was reduced to 1/2 standard and, after several runs in
which the pilot lost control of the vehicle, a successful entry was made
and the data are shown in figure 10(c). On the unsuccessful attempts
the records showed that the pilot, in attempting to damp a piteh oscilla-
tion, was inadvertently deflecting the controller in roll and the rolling
and yawing moments caused a divergence about all three axes. An example
of this effect is shown in figure 10(d) where the pitch control motions
are almost perfectly reflected (pushing the stick forward caused the pilot
to twist his wrist clockwise) by the roll control motions, the pitch
deflections being five times larger in magnitude.

Variations in Static Stability

The static stability in roll and pitch was reduced to one-half the
standard values both individually and jointly. Such changes did not
significantly alter any of the results described in the preceding sec-
tions. With standard damping and standard aerodynamic-control coupling,
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entries wvere made successfully with first the roll and then the pitch
static stability reduced one-half. With both roll and pitch stability
reduced one-half, one-eighth standard damping, and no control moment
coupling, the pilot could not control the angular motions of the vehicle
although the period of the oscillations were 1.41L4 times longer than for
the case of standard static stability.

Variations in Piloting Tasks at Large Entry Angles

With standard stability, standard reaction controls, and standard
(with the exception noted earlier) aerodynamic controls with l/2-standard
control moment coupling, several entries were made with initial flight-
path (entry) angles up to -6°. 1In order to simulate failure of certain
instruments, the pilot's instruments which displayed trajectory informa-
tion were turned off except for one (or two) key instruments and the
pilot was not informed as to the magnitude of the entry angle. He was
told, however, of the limits, -1° to -6°,

Figure 11(a) shows an entry for which the initial flight-path angle
was —30. The pilot had only normal acceleration and angular displace-
ments (6, a, @, ¥, B) displayed on his instrument panel and was
instructed to establish and maintain a 3g deceleration throughout the
entry. The records show that without knowledge of his entry angle
(or rate of descent) the pilot employed large changes in angle of
attack in order to accomplish the task. As a result, the deceleration

was held to between B%g and Q%g during the entry.

With the vehicle trimmed at an angle of attack of 60° the records
show that the pilot was using about 4O percent of the available pitch
control (about 10 percent of the required pitching moment was coming from
the roll- and yaw-control deflections). The pilot was aware that some
additional pitch control was available but limited the trim angle of
attack to 60°.

In figure 11(b) the pilot's task and the initial flight conditions
were the same as those of figure 11(a) except that the entry angle was
-50. The pilot's reaction to the rapid increase in deceleration was to
reduce the angle of attack and to hold the maximum allowable 1lift (an
L/D of about 0.5 is obtained at a« = 60°) until after the deceleration
reached its peak value of 6g. Since this value was twice the assigned
value of 3g, the pilot attempted to reduce the deceleration slowly to
the prescribed value. By the time the deceleration had reached 3g most
of the kinetic energy of the vehicle had been dissipated.

The accelerometer was disconnected and the rate-of-descent indi-
cator was connected for the entry shown in figure 11(c). The entry angle

oo o
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was again -5° and the pilot's task was to establish and maintain a

450 feet per second rate of descent. The time history shows a high
degree of success in accomplishing this task. The rate of descent was
established at 450 feet per second and the maximum deceleration was 5.58.

For the piloted entry of figure 11(d) the entry angle was -6°,
the task was the same, and both rate of descent and deceleration were
displayed to the pilot. (Altitude and velocity indicators were dis-
connected.) Good task and control proficiency was exhibited by the
pilot but the deceleration reached 7.5g before the pilot could estab-
lish the desired rate of descent.

Side-located finger-tip controller.- In the foregoing tests made with
a grip-type side-arm controller, it was noted in a number of cases that
the pilot was cross-controlling inadvertently; that is, moderate to large
deflections of the controller in pitch or roll were accompanied by smaller
(1/5 to l/h) deflections about the other axis. The cross-controlling or
coupling was most prominent when an intentional deflection of the con-
troller in pitch was accompanied by smaller unintentional deflections
about thes roll axis. In order to determine to what extent this coupling
influenced the lowest level of vehicle damping that could be handled by
the pilot, the grip controller was replaced with a side-located finger-
tip controller described in the section on "Cockpit Controls." The con-
ditions of the tests described in the section "Variations in Damping" were
again set up and the tests repeated. The unintentional change in the
aerodynamic-pitch-control effectiveness, noted earlier, was corrected and
for both the original and the repeated tests the control effectiveness and
static stability were standard.

With the finger-tip controller no cross-controlling occurred and the
pilots were able tc make simulated entries consistently at conditions of
1/8 standard and zero damping. Zero damping means that the moments
which resist the angular velocities in roll, pitch, and yaw were set to
zero. A negative lift-curve slope and a decrease in dynamic pressure are
both destabilizing (see ref. 8), however, and can cause divergence of the
vehicle in piteh and roll if these motions are not controlled. An entry
made with the damping about all axes set to zero is shown in figure 12.
The entry angle was -1° and the pilot's task was to maintain a zero
error on the angle-of-attack error indicator. Small oscillations
occurred in pitch and roll which the pilot did not attempt to damp.
Usually these oscillations converged when the dynamic pressure increased
and diverged when the dynamic pressure decreased. (This dynamic insta-
bility is proportional to di/dt. See ref. 8.) As long as the rate of
divergence was gradual and the amplitude of the oscillation was small,
the pilot generally did not attempt to damp either pitch or roll. When
necessary, however, energy could be extracted from the oscillation with
quick pulses of the roll or pitch control.




22

Comparison of controllers.- The two controllers used in these tests
had several characteristics in common: spring loading, no breakout force,
no intentional damping, and both were designed for use at moderate to high
vehicle accelerations such as encountered during atmospheric entries.
Principal differences, however, are found in the inertia and grip of the
two controls. The grip-type controller similar to the controller designed
for an NASA-AF-Navy hypersonic research airplane, had a relatively large
inertia about its hinge points. The pilot gripped a handle similar to
those mounted on the center stick of most aircraft. The finger-tip con-
troller was a small pencil-shaped contrcl stick that the pilot held with
his finger tips and had low inertia.

From the characteristics of coupling in the grip-type controller,
it appeared that the pilot in displacing the controller in pitch also
twisted his wrist to produce roll. A forward motion generally caused a
twist to the right and a rearward motion generally produced a left twist.
However, on a few occasions the record shows the opposite trend.

Experience has shown that such characteristics can generally be
corrected with a finite breakout force from trim. Since similar coupling
characteristics at conditions of low damping were noted by pilots who
participated in the static and dynamic simulation of the hypersonic
research vehicle, a further study of the controller used in the research
vehicle would appear to be warranted.

CONCLUSIONS

A winged satellite vehicle which enters the atmosphere at high
(approaching 90°) angles of attack was simulated in five degrees of
freedom using a fixed-base simulator. The task of controlling the
vehicle and the vehicle's trajectory during the entry was performed by a
human pilot. Although several pilots were used in the tests, the data
presented are for simulated entries made by one pilot. Environmental
conditions such as deceleration and cockpit temperature were not simu-
lated. The purpose of these tests was to determine what factors were
important to the pilot's control of the vehicle and the vehicle's
trajectory during an atmospheric entry and what were the pilot's
limitations. Different levels of static stability, damping, control
effectiveness and aerodynamic-control moment coupling were investigated.
The pilot was required to fly several different types of trajectories
with entry angles between -1° and -6°.

1. The tests show that, given a display with sufficient trajectory
information, a human pilot can successfully control his trajectory in a
variety of ways. A desired value of deceleration or rate of descent
may be established and maintained throughout most of the trajectory.
Variations of angle of attack computed as a function of the deceleration
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and displayed to the pilot can be followed by the pilot. As a result,
for entry angles between 0° and -39, the deceleration could be held to
between 3g and 4g. At entry angles of -6° the pilot was able to limit
the maximum deceleration to between Tg and 8g.

2. With acceptable damping, moderate changes in vehicle static
stability from values obtained from wind-tunnel tests produced no
detectable effect on the pilot's ability to control the vehicle. How-
ever, with standard static stability in pitch and roll, systematic
reductions in the damping of the vehicle about all three axes indicated
that for low values of roll and pitch damping (percent of critical damping
never exceeds 0.1), the vehicle could not be controlled. The data indi-
cated that, with the side-arm controller used for these tests, the pilot
was inadvertently coupling his pitch and roll control motions. When this
controller was replaced with a different side-arm controller, no such
difficulties were experienced and the pilot was able to control the
vehicle at zero damping about all three axes. Although no modification
to the original controller was tested, experience has shown that small
"breakout" forces can reduce or even eliminate such characteristics.

3. For the winged vehicle investigated, the lack of static stability
in yaw was found to be objectionable and required the continuous atten-
tion of the pilot. 1If, in addition to the control of the vehicle, the
pilot must perform some additional task such as navigation, it would
appear advisable to provide the vehicle with artificial yaw static
stability.

4, Conditions were simulated where the pilot's displacement of
either the aerodynamic roll or yaw control surfaces produced proportional
moments about all three body axes. Preliminary tests showed that adverse
control moment coupling was more difficult to control than favorable
control moment coupling, but either form was found to be objectionable.
With practice, this vehicle could be controlled even with large amounts
of (linear) control coupling, provided the vehicle also had good damping.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., November 19, 1959.



2k

APPENDIX A

EQUATIONS OF MOTION OF A SATELLITE VEHICLE

(¢]
DURING REENTRY FOR oypipn NEAR 90

The equations of motion of a satellite vehicle during reentry with
near 90° are as follows:

Ctrim
Force:
% = —(an sin o - ayxy cos a) - sin ¥
{/—7= (ancosa+a sina) + —V—2-—1c057
g X grl
Moment:
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Auxiliary relationships:

ﬁ=Vsin')’

Range = r V cos y dt
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a+ 7y =0
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X w7sq

M= a - ay
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APPENDIX B

SOME PROBLEMS INHERENT TO THE ANALOG

SIMULATION OF TRAJECTORIES

Two general problems of interest were studied during the analog
simulation of atmospheric entries. The first of these was to choose a
suitable method for the generation of dynamic pressure. The altitude
range to be considered was from 50,000 feet to 350,000 feet. Over this

range of altitude, the density p varies through a ratio of 106:1. The
velocity has a variation, starting at orbital velocity, of approximately
25:1. Hence, the square of the velocity has a ratio of variation of about
625:1. During an entry the product of these two variables is such that
the dynamic pressure varies from about O to 100. The density variation
must be simulated on the computer by some type of nonlinear function gen-
erator. It can be seen that, if a scale factor is chosen to give a

100 volts for the maximum value of density, 3 X lO"l+ at h = 50,000 feet,

any values less than 3 X 10'6, or from 155,000 feet upward, would corre-
spond to machine voltages of less than 1 volt. For these values the
signal-to-noise ratio becomes significant and the function is subject to
large errors. Therefore, for most of the run the density would be
essentially meaningless.

In order to covercome this problem, pl/6 was generated and the
dynamic pressure was arrived at through successive multiplications, as
shown in the following sketch:

1/6

n —]£(n) | -

] ISV/VINE SRS VLM | o1/2y oV2 = 23
w1 X ->-

S

Y
X

V ———— X X

Nowhere in the simulation did p or V2 appear by themselves. Since
the sixth root of p has a ratio of variation of only 10:1, the func-
tion generator remained in the meaningful voltage range for the entire
altitude range. It was realized that any errors in the function itself

0O @
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would be amplified by the successive multiplications and it was of utmost
importance to generate the function as accurately as possible. Conse-
quently, tapped potentiometers were used for the generation of the sixth
root of p. They were chosen for their high accuracy and for their mini-
mum drift characteristics. The results demonstrate the successful gene-
ration of dynamic pressure by this method.

The other problem was encountered in attempts to compare trajectories
obtained from the analog computer with those obtained from a digital
machine. It was noted that, when attempts were made to check a trajec-
tory for an initial entry angle of -3© and a constant angle of attack of
799, the initial portion of the acceleration time history was very diffi-
cult to repeat. However, the peak acceleration was almost identical in
all cases. This failure to repeat the answers was traced to an inability
to set the entry angle accurately enough. In order to verify this con-
clusion the digital setup was used to calculate a trajectory with the same
angle of attack but with an entry angle of -2.9°. The acceleration time
histories for the two trajectories are shown in figure 13. The two tra-
Jectories show a marked difference in the early part of the acceleration
profile but the peak values are very nearly equal.

A difference of 0.1° of entry angle represented only a 0.05-percent
error in the analog computer and this error is well within the tolerances
to be expected. An improvement in repeatability was obtained with fine
adjustments of the initial flight-path (entry) angle such that the initial
rate of descent was the correct value. It is believed that the differ-
ences encountered were not of a nature to in any way invalidate the con-
clusions obtained.
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TABLE I.- INERTIA, WEIGHT, DIMENSIONS, AND STABILITY

DERIVATIVES OF SATELLITE VEHICLE

Parameters:
Iy, slug-ft2 . o« o o i e e e e e e e e e e w ... 1060.39

Ty, sTug-ft2 .« . . . e e e e e e e e .. h2k1ST

Iz, sLUB-TE2 « & 0 v i i i e e e e e e e e e e e e e .o . . LBU6TS

T 15.0
e 15.0
1 O 0 c V¢
1S S T s 203.0
W/S, 1b/8q £t v v v v v e e e e e e e e e e e e e e e e 20.0

Standard stability derivatives (The first term in the damping and
control effectiveness derivatives that follow is the aerodynamic
contribution and the second term is the reaction jet contribution.):
Cag> 1/radish .« v v v e e e e e e e e e e e e e e e e e e e e e e -0.13

Crn s B 4 X - < S -0.13
Cny» L/radiGh o v - v e e e e e e e e e e e e e e e e e e e e e e 0

C1 1/Tadian/sec . . v e e e e w e e e e e e e -o.5uu(9.o680 + 949%§§)
i

Cmq; 1/radian/sec o v v v e 4 e e e e e e e e -0.&58«).0680 + 9;9292)
M

Cn,.s 1/radian/sec .« v v v v e e e e e e e e e e . -1.1h£&¢x017h + 9;9§§1)
a

C1g, s 1/radian o . v . . e v e e e e e e e e e e e e e .. 0.0680 + 0.0226
1 q

Cing, 2 1/radian . . . .« v e e 4 4 e e h e e e e e o o . . . 0.0680 + 229%92

Cn6§’ 1/T8G180 . e . e e e e e e e e e e e e e e ... 0.0L7h 4 QOWOL

Force coefficients:
CN = = v o o o 4 o v e e e e e e e e e e e e e e e e e e e 1.7

e o

Standard cross-control moment derivatives:
0152’ L/radian . . o o L L 0w e e e e e e e e e e e e 0

0165, 1/radidh .« . v 4 v o e e e h e e e e e e e e e e . .o . . . -ll0C

Cma R l/radian e e e e e e e e e e e e e e e e e e e e e e e e e e -0.5018
1 1

Cma s lfradian . . oL L L L . L e e e e e e e e e e e e e -0.50n8
3

Cn&l, 1/radian o v v v v et e e e e e e e e e e e e e e e e e e _l'OCZSl

c , L/radian .. . i e e e e e e e e e e e e e e e e e e e e 0

g
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Figure 2.- Sign convention and symbols used to describe the motion of
vehicle entering the earth's atmosphere.
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Figure 4.~ Variation of stability with dynamic pressure.
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(c) Grip-type side-arm controller. Side view. L-59-4228

Figure 5.- Continued.
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